A recent phylogenomic study reported that the animal phylogeny was unresolved despite the use of 50 genes. This lack of resolution was interpreted as ''a positive signature of closely spaced cladogenetic events.'' Here, we propose that this lack of resolution is rather due to the mutual cancellation of the phylogenetic signal (historical) and the nonphylogenetic signal (due to systematic errors) that results from inadequate taxon sampling and/or model of sequence evolution. Starting with a data set of comparable size, we use 3 different strategies to reduce the nonphylogenetic signal: 1) increasing the number of species; 2) replacing a fast-evolving species by a slowly evolving one; and 3) using a better model of sequence evolution. In all cases, the phylogenetic resolution is markedly improved, in agreement with our hypothesis that the originally reported lack of resolution was artifactual.
A recent phylogenomic study reported that the animal phylogeny was unresolved despite the use of 50 genes. This lack of resolution was interpreted as ''a positive signature of closely spaced cladogenetic events.'' Here, we propose that this lack of resolution is rather due to the mutual cancellation of the phylogenetic signal (historical) and the nonphylogenetic signal (due to systematic errors) that results from inadequate taxon sampling and/or model of sequence evolution. Starting with a data set of comparable size, we use 3 different strategies to reduce the nonphylogenetic signal: 1) increasing the number of species; 2) replacing a fast-evolving species by a slowly evolving one; and 3) using a better model of sequence evolution. In all cases, the phylogenetic resolution is markedly improved, in agreement with our hypothesis that the originally reported lack of resolution was artifactual.
Recently, Rokas, Kruger, and Carroll (2005) (RKC) were unable to resolve most nodes of the phylogenetic tree of animals despite the use of 50 genes (12,060 amino acid positions) from 17 animal species. After dismissing potential alternative explanations (e.g., missing data, long-branch attraction, compositional bias, and taxon sampling), they concluded that ''the lack of resolution is a positive signature of closely spaced cladogenetic events.'' This conclusion is at odds with several similar studies reporting a good resolution for the animal tree Delsuc et al. 2006; Marletaz et al. 2006; Matus et al. 2006) . Although phylogenomic approaches are effective at reducing the stochastic (sampling) error, they have been shown to be sensitive to systematic errors . Systematic errors stem from the inaccuracy of tree reconstruction methods, which, in a probabilistic framework, is directly related to model misspecifications (Felsenstein 2004; Philippe, Zhou, et al. 2005) . In opposition to the genuine phylogenetic signal, the signal that results from systematic errors is called nonphylogenetic (Ho and Jermiin 2004; . Interestingly, RKC trees have markedly lower statistical support with Parsimony than with maximum likelihood (ML). Because Parsimony is known to be more sensitive to systematic errors than ML (Felsenstein 2004) , we propose that the lack of resolution observed by is due to the presence of a similar amount of conflicting phylogenetic and nonphylogenetic signal. The nonphylogenetic signal results from the incorrect interpretation, by the reconstruction method, of multiple substitutions occurring at a given position over the phylogeny (e.g., convergent acquisition of an A by 2 unrelated AT-rich species) (Olsen 1987) . Consequently, it will be stronger for ancient and fast-evolving lineages. Given the age of the metazoan radiation, any alignment of animal sequences is expected to contain a sizable amount of nonphylogenetic signal. This is especially true for the RKC data set that included several fast-evolving species (e.g., Caenorhabditis and platyhelminths). If our interpretation is correct, using strategies that reduce the nonphylogenetic signal without altering the genuine phylogenetic signal should increase resolution. As abundantly discussed, reduction of the nonphylogenetic signal can be achieved either by improving the detection of multiple substitutions or by minimizing their number. Accordingly, we use 3 complementary approaches to test our hypothesis: 1) increasing the number of species (improved detection; Hendy and Penny 1989; Hillis 1996) ; 2) replacing a fast-evolving species by a slowly evolving species (minimization; Aguinaldo et al. 1997; Graybeal 1998) ; and 3) using a better model of sequence evolution (improved detection ; Olsen 1987; Lartillot and Philippe 2004) .
The scarce taxon sampling of the RKC data set prevented its use in this work. Instead, we updated our previous alignments (Delsuc et al. 2006 ) and assembled a data set of 133 genes (31,089 amino acid positions) from 57 species. To reduce the computational burden, only the 12,942 positions determined for at least 75% of the species were taken, yielding a data set with 12% of missing positions. Representative groups for the 3 clades currently recognized within Bilateria (Halanych 2004) were chosen as follows: Deuterostomia (tunicates and vertebrates), Ecdysozoa (arthropods, nematodes, and tardigrades), and Lophotrochozoa (annelids, mollusks, and platyhelminths), the latter 2 groups forming the Protostomia. The multilayered outgroup was composed of fungi, choanoflagellates, sponges, and cnidarians. Four variants of this data set were then constructed to explore the effects of taxon sampling (see below). Because of the potential limitations of the current heuristic algorithms , trees were inferred using a WAG 1 C 4 model (Yang 1993; with 3 different heuristics (TREEFINDER [Jobb et al. 2004] , PHYML [Guindon and Gascuel 2003] and PHYML with SPR moves [Hordijk and Gascuel 2005] ) and an exhaustive analysis with constraints (see Supplementary Material online). All heuristics behaved similarly ( fig. S1 , Supplementary Material online) and were somewhat biased toward the artifactual attraction of nematodes and platyhelminths (see Supplementary Material online). Therefore, only PHYML-SPR bootstrap values are presented, except for the 4 internal nodes within protostomes for which results from the exhaustive analysis are also provided. In the following, the average bootstrap support for these 4 nodes (AB4N) will be used to estimate the level of resolution. As usual, high bootstrap supports are indicative of robustness (data FIG. 1.-Improving the phylogenetic resolution of the animal tree by reducing the nonphylogenetic signal. ML trees were computed using a WAG 1 C 4 model from 23-taxa data sets, including either Caenorhabditis (A) or Xiphinema (B), and from 56-taxa data sets, including either Caenorhabditis (C) or Xiphinema (D). Nodes supported by 100% bootstrap values in PHYML-SPR analyses (Hordijk and Gascuel 2005) are denoted by black squares, whereas lower values are given in plain style. Resampling estimated log-likelihood bootstrap values from exhaustive analyses are shown in bold for the 4 unconstrained nodes used to compute the AB4N statistics. In (B), bootstrap values from the CAT model are given in italics for the same 4 nodes. All topologies (except A) are well resolved and in excellent agreement with the current consensus (Halanych 2004) . As recently suggested (Goldstein and Blaxter 2002) , nematodes strongly cluster with tardigrades, thus breaking the monophyly of Panarthropoda. Although a long-branch attraction artifact ) is unlikely because Xiphinema evolves slowly, this unusual grouping should be tested by the inclusion of other ecdysozoan phyla (e.g., priapulids and onychophorans). Interestingly, the richer taxon sampling also enhanced the phylogenetic resolution in other parts of the tree, such as Cnidaria and Metazoa (to the exclusion of Suberites) (compare [A] consistency) and not necessarily of accuracy (correct reconstruction of a clade).
Trees inferred with our data set using a taxon sampling similar to RKC (23 species, fig. 1A ) received marginally better support values than those obtained with the RKC alignment. In particular, we strongly recovered Bilateria and Protostomia. The low resolution reported by RKC for these nodes could be caused by an unfortunate selection of genes, including some of questionable orthology (i.e., cytosolic HSP70 [Martin and Burg 2002] and tubulins ). Alternatively, it could stem from a slightly different species sampling (especially hexactinellid and calcareous poriferans). We will thus focus on protostome relationships for which the resolution of both data sets is similar. Inside Protostomia, the artifactual grouping of the fast-evolving nematode Caenorhabditis with platyhelminths confirms the presence of a strong nonphylogenetic signal.
To test our hypothesis that the lack of resolution is due to the mutual cancellation of phylogenetic and nonphylogenetic signal, we 1) added 33 animal species to improve the detection of multiple substitutions by breaking long branches (Hendy and Penny 1989; Hillis 1996) and 2) replaced Caenorhabditis by a slowly evolving nematode to naturally reduce the number of multiple substitutions (Aguinaldo et al. 1997; Graybeal 1998) . With 56 species ( fig. 1B) , the tree switched to a topology where nematodes cluster with tardigrades and arthropods within Ecdysozoa (66%). This shows that the artifactual grouping of nematodes and platyhelminths can be overcome by considering a large number of taxa. In addition, the statistical support increased throughout the tree and particularly within Protostomia (AB4N of 76% vs. 58%). When nematodes are represented by Xiphinema that had evolved approximately 2 times slower than Caenorhabditis ( fig. 1C) , the same topological change occurs, but the phylogenetic resolution increases more noticeably (AB4N of 88%). Of the 2 approaches used to reduce the nonphylogenetic signal, the replacement of a fast-by a slowly evolving species appears more efficient than the addition of numerous species. In fact, the major advantage of a rich taxon sampling is to allow the identification and the elimination of rogue taxa (e.g., Caenorhabditis), a strategy that reduces the amount of nonphylogenetic signal while preserving the phylogenetic signal (Aguinaldo et al. 1997) . As expected, the combination of both approaches ( fig. 1D ) further improves the resolution (AB4N of 96%). In summary, through the generation of a large amount of nonphylogenetic signal, an inadequate taxon sampling ) can drastically affect the resolving power of phylogenomics (compare fig. 1A and D) .
A third way to overcome the nonphylogenetic signal is to use better evolutionary models Felsenstein 2004; . Hence, to further test our hypothesis, we used the category (CAT) 1 C model (Lartillot and Philippe 2004) in an Markov Chain Monte Carlo framework, as implemented in PhyloBayes (http://www.lirmm.fr/mab/). The CAT model explicitly handles the heterogeneity of the substitution process across positions. In particular, it ensures a better detection of multiple substitutions at positions displaying only 2 or 3 different amino acids . Instead of evaluating the resolution with posterior probabilities, we performed a bootstrap analysis to allow the comparison with the ML approach used so far. Despite the use of Caenorhabditis ( fig. 1B and Supplementary Material online), the CAT model yielded better support values than the WAG model (for 23 species, AB4N of 66% vs. 58% and for 56 species, 91% vs. 76%). In addition, a more careful examination ( fig. 1B) shows that 3 out of 4 nodes (Lophotrochozoa, Ecdysozoa, and nematodes 1 tardigrades) received 100% bootstrap support, whereas the last node corresponding to the position of platyhelminths within Lophotrochozoa received relatively low bootstrap support (65%). This raises an interesting point concerning the connection between phylogenetic/nonphylogenetic signal and the observed resolution. As proposed by our hypothesis, the lack of resolution can be due to the mutual cancellation of both signals, even when the genuine phylogenetic signal is strong (e.g., Ecdysozoa). In contrast, the apparent resolution of the basal position of platyhelminths within Lophotrochozoa is likely caused by a strong nonphylogenetic signal (not surprising given their long branch). When the CAT model is used, the support for this artifactual position seriously decreases, which suggests that the genuine phylogenetic signal for positioning platyhelminths is weak. Interestingly, the CAT model is less sensitive to taxon sampling than the WAG model and is therefore a valuable step toward the elaboration of an optimal model that would have the desirable property of drawing inferences insensitive to taxon sampling.
In conclusion, the results from 3 independent approaches have confirmed our hypothesis that the lack of resolution in the animal phylogeny observed by RKC and ourselves was due to a strong nonphylogenetic signal and does not constitute ''a positive signature of closely spaced cladogenetic events.'' Our results are congruent with many previous studies underlining the prime importance of taxon sampling, either empirically or through simulation (e.g., Wheeler 1992; Lecointre et al. 1993; Adachi and Hasegawa 1995; Hillis 1996; Graybeal 1998; Hedtke et al. 2006) . Although the emphasis is often put on the accuracy of phylogenetic inference, the present work demonstrates that its resolving power can also be drastically affected by taxon sampling. More generally, our opinion is that it is no longer worthwhile to argue on the relative benefits of gene versus taxon sampling (Graybeal 1998; Rosenberg and Kumar 2001; Hedtke et al. 2006 ) but that progress in sequencing technology will lead to data sets rich in both genes and taxa (Philippe and Telford 2006) . Instead, phylogeneticists should put most of their efforts into developing better models of sequence evolution (Lanave et al. 1984; Galtier and Gouy 1995; Tuffley and Steel 1998; Robinson et al. 2003; Blanquart and Lartillot 2006) , which improve both accuracy and resolution, as shown here with the CAT model. Evolutionary Biology of the Canadian Institute for Advanced Research, whom we thank for interaction support, and is grateful to the Canada Research Chairs Program and the Canadian Foundation for Innovation for salary and equipment support. D.B. is a postdoctoral researcher of the Fonds National de la Recherche Scientifique (FNRS) at the University of Liège (Belgium) and is gratefully indebted to the FNRS for the financial support of his stay at the University of Montréal. The authors want to thank Nicolas Lartillot, Didier Casane, Béatrice Roure, and Naiara Rodríguez-Ezpeleta for their comments on a previous version of the manuscript, as well as 2 anonymous reviewers for useful suggestions. Nicolas Lartillot is also gratefully acknowledged for his help with the PhyloBayes analyses.
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